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Abstract 12 
Emerging threats such as climate change and urbanisation pose an unprecedented challenge to integrated 13 
management of urban wastewater systems, which are expected to function in a reliable, resilient and 14 
sustainable manner regardless of future conditions.  Traditional long term planning is rather limited in 15 
developing no-regret strategies that avoid maladaptive lock-ins in the near term and allow for flexibility in 16 
the long term. In this study, a novel adaptation pathways approach for urban wastewater management is 17 
developed in order to explore the compliance and adaptability potential of intervention strategies in a long 18 
term operational period, accounting for different future scenarios and multiple performance objectives in 19 
terms of reliability, resilience and sustainability. This multi-criteria multi-scenario approach implements a 20 
regret-based method to assess the relative performance of two types of adaptation strategies: (I) standalone 21 
strategies (i.e. green or grey strategies only); and (II) hybrid strategies (i.e. combined green and grey 22 
strategies).  A number of adaptation thresholds (i.e. the points at which the current strategy can no longer 23 
meet defined objectives) are defined to identify compliant domains (i.e. periods of time in a future scenario 24 
when the performance of a strategy can meet the targets). The results obtained from a case study illustrate the 25 
trade-off between adapting to short term pressures and addressing long term challenges. Green strategies 26 
show the highest performance in simultaneously meeting near and long term needs, while grey strategies are 27 
found less adaptable to changing circumstances. In contrast, hybrid strategies are effective in delivering both 28 
short term compliance and long term adaptability. It is also shown that the proposed adaption pathways 29 
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method can contribute to the identification of adaptation strategies that are developed as future conditions 30 
unfold, allowing for more flexibility and avoiding long term commitment to strategies that may cause 31 
maladaptation. This provides insights into the near term and long term planning of ensuring the reliability, 32 
resilience and sustainability of integrated urban drainage systems.   33 
Key words: Adaptation pathways; green strategies; hybrid strategies; resilience; sustainability; urban wastewater 34 
systems 35 
1 Introduction 36 
Urban wastewater management has become increasingly challenging due to deep uncertainties posed by 37 
global climate change, urbanization, population growth, economic and technological developments, and 38 
other unforeseen changing factors such as societal perspectives and preferences. As such, the level of service 39 
delivered by urban wastewater infrastructure in the future can deteriorate, causing important system failures 40 
(Brugge et al., 2005; Offermans et al., 2011). To this end, there is a growing interest to manage present and 41 
future uncertainties, particularly those in the form of exceptional disturbances that could lead to extremely 42 
adverse consequences (Maier et al., 2016; Pechlivanidis et al., 2017). In the context of urban wastewater 43 
management, emphasis has shifted towards adaptation (O’Brien, 2012), and addressing the short and long 44 
term challenges posed by deep uncertainties (Manocha and Babovic, 2018) rather than simply focusing on 45 
how change has occurred in the past (Fazey et al., 2016).  46 
In the face of deep uncertainties and their unknown impacts and consequences, it is essential to consider the 47 
indicators that can measure system performance in the future, such as those of reliability, resilience and 48 
sustainability. The reliability of a system is measured under design conditions, whereas, resilience measures 49 
the system performance under extreme conditions when the required level of service is not achieved (Butler 50 
et al., 2017). Sustainability measures system performance from economic, environmental and socio-cultural 51 
consequences over the life span. Although these three concepts measure different aspects of system 52 
performance (Butler et al., 2017), they are interconnected to each other (Blockley et al., 2012). It has been 53 
suggested that reliability is necessary but not sufficient for resilience, and resilience is necessary but not 54 
sufficient for sustainability (Butler et al., 2014).   55 
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There is a lack of understanding regarding the long term and short term impacts of adaptation strategies on 56 
the system performance in terms of reliability, resilience and sustainability. The understanding is critical to 57 
avoid maladaptive lock-ins, reduce potential regrets and allow flexibility as conditions change over time 58 
(Maru and Stafford Smith, 2014). Such a course of action allows decision makers to consider a strategy 59 
limited in time and resources (and therefore rectify if needed) whilst still permitting them to foresee the 60 
possible long term consequences of specific adaptation pathways (Dessai and van der Sluijs, 2007; Tanaka et 61 
al., 2015). In recent years, several planning methods and policy-making approaches within the field of water 62 
and wastewater management have been developed to dynamically respond to changing circumstances and 63 
deep uncertainties (Manocha and Babovic, 2017; van Veelen et al., 2015), including Robust Decision 64 
Making (Casal-Campos et al., 2015; Lempert et al., 2006; Mortazavi-Naeini et al., 2015), Adaptive Policy 65 
Making (Walker et al., 2013), Adaptation Pathways (Bloemen et al., 2018; Haasnoot et al., 2019; 66 
Kingsborough et al., 2016; Manocha and Babovic, 2017; Maru and Stafford Smith, 2014), Uncertainty 67 
Framework/Assessment (Kundzewicz et al., 2018; Refsgaard et al., 2013), Dynamic Adaptation Policy 68 
Pathways (Haasnoot et al., 2013; Kwakkel et al., 2015), Risk Model (Merz et al., 2009; Zhou et al., 2012),  69 
Real Option Analysis (Deng et al., 2013; Zhang and Babovic, 2012).  70 
Among these, Adaptation Pathway (AP) methods assess the adaptability potential of management strategies 71 
and evaluate system performance in different epochs (i.e. transient scenarios from the baseline year to the 72 
future horizon) with respect to different objectives and indicators to identify pathways without any 73 
maladaptive lock-ins. An adaptation pathway provides a visual representation of the potential sequencing 74 
and type of actions to be implemented (or strategies to be considered) in the future (Kingsborough et al., 75 
2016). The core of AP approaches lies in adaptation thresholds or tipping points, which are defined as the 76 
points where changing conditions force a normally stable state of a system into another state or facilitate 77 
adaptation of the system (van Veelen et al., 2015). These methods take system vulnerabilities as the initial 78 
point to identify a range of adaptation options (Jeuken et al., 2015). Such approaches have mainly been used 79 
within the fields of stormwater management and flood risk management; for example: Barnett et al. (2014); 80 
Bloemen et al. (2018); Haasnoot et al. (2019, 2013); Kwadijk et al. (2010); Manocha and Babovic, (2017); 81 
Ranger et al. (2013); van Veelen et al. (2015); Werners et al. (2013). A number of studies have applied 82 
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adaptation pathway methods for long term planning of urban water supply systems (Cradock-Henry et al., 83 
2020; Forsythe et al., 2018; Haasnoot et al., 2012; Kingsborough et al., 2016).  84 
Some of these approaches need to be reoriented towards resilience assessment (Juan-García et al., 2017) and 85 
to consider both short and long term adaptation planning (Hecht and Kirshen, 2019). According to Gersonius 86 
et al. (2013), some of these approaches may fail in reliably addressing uncertainties and non-stationarity in 87 
future drivers such as climate change. This is due to the fact that they only consider one future scenario at a 88 
time and cannot identify solutions with high levels of confidence (Adger et al., 2009; Jafino et al., 2019). To 89 
date, APs have not been applied to IUWWSs with socio-economic complexities that assess reliability, 90 
resilience and sustainability simultaneously. 91 
The aim of this paper is, therefore, to develop an AP approach to assess the compliance and adaptability 92 
potential of various strategies in reliability, resilience and sustainability domains, both individually and 93 
conjunctively along the pathway of transient scenarios (future scenarios every 5 years) in an IUWWS. It will 94 
focus on the identification and application of adaptation strategies associated with the management of 95 
stormwater and wastewater in urban areas as to ameliorate a number of impacts and consequences used to 96 
describe system performance. Casal-Campos et al. (2015) assessed the relative performance of green and 97 
grey strategies in multiple impact categories on an integrated catchment using a regret-based approach. 98 
Casal-Campos et al. (2018) further investigated the robustness of a number of strategies in delivering 99 
reliable, resilient and sustainable wastewater services in the future. Although these two studies assessed the 100 
performance of strategies in the year 2050 (long term), they did not identify possible adaptation pathways 101 
that span from the baseline year to the future horizon. In the present study, a novel approach is developed for 102 
the dynamic assessment of interventions that leads to adaptive management of the IUWWS in both the short 103 
and long terms. The proposed approach brings the time domain to adaptation planning and identifies possible 104 
adaptation pathways based on different adaptation thresholds for individual and conjunctive performance 105 
domains of under different future scenarios (defined as transient scenarios assessed every 5 years) every 5 106 
years (here they are defined as epochs or transient scenarios) for the period 2015-2050.  107 
Section  2 provides an overview of the proposed methodology through two steps: Step 1: Identification of 108 
compliant domains and Step 2: Evaluation of compliant domains via regret indices. Section  3 describes the 109 
case studies including definition and description of the integrated urban wastewater system, future scenarios, 110 
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adaptation strategies and decision indicators. Section  4 reports the results and a wider discussion of their 111 
implications. Finally, Section  5 summarises the conclusions and implications of this study. 112 
  113 
2 Methodology: Adaptation Pathways  114 
Mathematical models are developed and used in order to understand the current and future states of the 115 
wastewater system (Haasnoot et al., 2011). There are numerous uncertainties that hinder our understanding 116 
of the system and constrict the predictive capacity of models regarding its future state (Asselt, 2000; Walker 117 
et al., 2003). If future conditions happen to be different from the predicted conditions, adaptation strategies 118 
may fail to deliver their expected performance (McInerney et al., 2012). Adaptation strategies are therefore 119 
required to respond to the new conditions when the future state unfolds (Manocha and Babovic, 2017). When 120 
the future is revealed, adaptation measures need to be updated based on what is experienced and learnt. 121 
Therefore, in order to establish a framework to manage the future, a planning approach is required that 122 
consists of a strategic vision of the future (Kingsborough et al., 2016), committing to both short term and 123 
long term plans and actions (Bloemen et al., 2018). The approach of adaptation pathways has recently 124 
received growing attention from researchers and decision makers (Fazey et al., 2016) and is being applied as 125 
a planning and foresight tool to help evaluate the adaptability of management strategies in both the short and 126 
the long terms. Adaptation pathways have several definitions, and different studies examine the approach 127 
from distinctive perspectives (Wise et al., 2014). For example, Leach et al. (2010) defined this approach as: 128 
“alternative possible trajectories for knowledge, intervention and change, which prioritize different goals, 129 
values and functions’’. They considered temporal uncertainties in the long term future for adaptation to 130 
climate change. Haasnoot et al. (2013) defined it as “an analytical and foresight approach for exploring and 131 
sequencing a set of possible strategies along the planning timeline”. Haasnoot et al. (2019) adapted their 132 
aforementioned definition to the following: “an approach that explores alternative sequences of investment 133 
decisions to achieve objectives over time in the context of uncertain future developments and environmental 134 
changes”. In this study, an adaptation pathway is defined as a pathway in which a strategy (or a combination 135 
of strategies) is compliant with the adaptation threshold(s) along the planning timeline. An overview of 136 
definitions for the adaptation pathways is presented in the Supporting Information (SI), Section S1. 137 
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Fig. 1 illustrates  a flow chart of different steps considered in the proposed AP approach, highlighting the 138 
preliminary steps (Steps 0.1 to 0.5) and main steps (Steps 1 and 2) of the methodology. In this study, a novel 139 
AP approach is introduced to identify possible pathways (the possible compliant domains in different future 140 
states) along the planning timelines with respect to different adaptation thresholds (Step 1: Section  2.1), and 141 
facilitates a detailed regret-based analysis of each management strategy in the form of reliability, resilience 142 
and/or sustainability (Step 2: Section  2.2). Prior to the above steps, the following preliminary steps should be 143 
considered: specifying the water systems and identifying the variables (Step 0.1: Section  3); identifying or 144 
defining future scenarios (Step 0.2: Section  3.1); identifying adaptation strategies (Step 0.3: Section  3.2); 145 
identifying the performance domains and assessment indicators/criteria (Step 0.4: Section  3.3); and defining 146 
suitable adaptation thresholds (Step 0.5: Section  3.4). 147 
 148 
Fig. 1 around here 149 
 150 
2.1 Step 1: Identification of compliant domains 151 
The core of the AP approach is the “adaptation threshold”, which is defined as the condition beyond which a 152 
management strategy is no longer able to meet a defined objective (or objectives) across a timeline; at this 153 
point, alternative adaptation strategies should be considered. This is similar to an “adaptation tipping point”, 154 
the term which is normally used in the climate change community (Manocha and Babovic, 2017; Renaud et 155 
al., 2013). An adaptation threshold is also known as the “recovery threshold” i.e. at this point measures 156 
should be adopted to meet the objectives (van Veelen et al., 2015). Adaptation thresholds are used to identify 157 
the compliant domain of each strategy (described in Section  3.2) along the planning timeline; further details 158 
on adaptation thresholds are discussed in Section  3.4. In this study, each strategy is assessed under future 159 
scenarios (defined in Section  3.1) at time intervals of 5 years (i.e. epochs or transient scenarios), defining a 160 
pathway that spanned from the baseline year 2015 to the future horizon 2050.  161 
The particular scenario conditions and their variation along the timeline are considered by setting 5-year 162 
assessment periods, i.e. epochs in 2020, 2025, 2030, 2035, 2040, 2045 and 2050, see Fig. 2. The time epoch 163 
when a strategy violates an adaptation threshold (the system no longer complies with a specific objective 164 
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value) is referred to as its “sell-by-date” (Haasnoot et al., 2013), i.e. the period when a strategy is expected to 165 
require adaptation or additional measures due to an interruption of its satisfactory performance across 166 
pathway of transient scenarios (van Veelen et al., 2015). The assessment at the end of each epoch (e.g. 2020 167 
for the period 2015-2020) is assumed to be representative of the full period, which may well be the case 168 
when considering, for example, asset investment plans in the UK or similar regulatory or planning horizons 169 
in other contexts.  170 
In the proposed method, the compliant domain is evaluated in two complementary ways: (i) the number of 171 
complying epochs across the scenarios and (ii) whether the pathways are uninterrupted (i.e. compliant) or 172 
interrupted (i.e. non-compliant) in relation to one or more adaptation thresholds across the entire timeline. 173 
This is achieved by assessing the compliance of each strategy with specific adaptation thresholds in different 174 
future scenarios and epochs. When an adaptation threshold is reached, another strategy or measure should be 175 
considered for implementation (van Veelen et al., 2015). For example, in Fig. 2, Strategy A is compliant 176 
along the Lifestyles and Innovation scenarios. However, the Market and Austerity scenarios (see the 177 
description of each future scenario in Section  3.1) are interrupted after 10 years and 25 years, respectively. 178 
Therefore if future conditions resemble those of the Austerity scenario, for instance, another adaptation 179 
strategy is required in 2040.  180 
Fig. 2 around here 181 
 182 
2.2 Step 2: Evaluation of compliant domains via regret indices  183 
The first step of the proposed AP approach, described in Section  2.1, is to identify the compliant epochs and 184 
uninterrupted pathways in accordance with the adaptation thresholds. The identified compliant epochs and 185 
pathways are further assessed using a regret-based multi-criteria analysis model that provides additional 186 
benefits and details of system performance. Regrets are calculated in the form of reliability (, ), 187 
resilience (, ) or sustainability (	
, ) indices, see Eq. (1), Eq. (2) and Eq. (3):  188 
,  =   ×  , max [ , ]!     for  % = 1, … , (  (1) 
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,  =  ) ×  ), max [), ]!     for  * = 1, … , +)   (2) 
	
,  =  , ×  ,, max [,-, ]!,     for  . = 1, … , /  (3) 
 189 
Where , )and , are the importance weights (assigned by a group of water experts) of the %01 reliability 190 
indicator, *01 resilience indicator, and .01 sustainability indicator in future state  respectively. In this study, 191 
five reliability indicators (( = 5), five resilience indicators (+ = 5) and eight sustainability indicators 192 
(/ = 8) are taken into account. The adaptation indicators, and the assigned weights in different future 193 
scenarios are discussed in Section  3.3. , , ),  and ,, , see Eq. (4), Eq. (5) 194 
and Eq. (6), represent the regret (or opportunity loss) of strategy  under a future state  with respect to ith, jth 195 
or kth indicator, respectively (Casal-Campos et al., 2015). The regret of strategy s under a future state f is 196 
defined as the difference between the performance P of s (for reliability objective i, resilience objective j, or 197 
sustainability objective k) and that of the best-performing strategy s' for the same future scenario f and 198 
objective i, j, or k. 199 
,  =  4567′89:′, ;< − 9, 4 (4) 
),  =  456789)>, < − 9), 4  (5) 
,,  =  |567[9,>, ] − 9,, |  (6) 
 200 
567′89:′, ;< is the best-performing strategy s' under future scenario f with respect to indicator i, j or k. 201 
9,  represents the performance of strategy s under the same future scenario and allied with the same 202 
indicator (Lempert et al., 2006). Regret index for multiple (i.e. conjunctive or mutual) performance domains 203 
(@AB7C), e.g. reliability + resilience + sustainability, is determined as the average of reliability, resilience 204 
and sustainability indices for each epoch within each scenario (Eq. (7)):  205 
@AB7C,  =  ,  + ,  + 	
, A   (7) 
 206 
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where A  denotes the number of individual indices (reliability, resilience and sustainability) considered 207 
concurrently.  208 
For this assessment, if a strategy’s regret is one (i.e. full-regret) in any transient scenario, being therefore the 209 
worst performing solution for all category objectives, then the strategy is defined as “non-compliant” for that 210 
transient scenario, regardless of compliance with the adaptation threshold as described in Section  3.4 (that 211 
transient scenario is added to those epochs that do not comply with the adaptation threshold in a grey shade 212 
in Fig. 2). This means that if a regret index of a strategy is 0.99, the strategy is still compliant for transient 213 
scenario, but the level of reliability, resilient and/or sustainability is very low. In Fig. 2, coloured shades refer 214 
to different levels of regret expressed by reliability, resilience or sustainability indices for each transient 215 
scenario. For example, in Fig. 2, Strategy A in the Innovation Scenario for the epoch between 2025 and 2030 216 
(in green colour) performs well and is highly reliable, resilient, and/or sustainable, as the level of regret is 217 
very low or nearly zero. Whereas, this strategy does not perform well under the Austerity Scenario from 218 
2045 to 2050 (the epoch is in orange colour) meaning the regret index is high (i.e. not very reliable, resilient 219 
and/or sustainable).     220 
If there are more than one performance domain and/or one adaptation threshold (which is the case in the 221 
current study), the domains for each strategy need to be first identified for reliability, resilience and 222 
sustainability thresholds individually for single and multiple thresholds. The domains will then be 223 
overlapped to recognize the multiple domain of reliable, resilient and sustainable performance for the 224 
adaptation thresholds (individually and mutually). The overlapping process is done using the mathematical 225 
intersection where a multiple domain of E ∩  G  (the intersection of X and Y) is formed of the epochs 226 
compliant in both X and Y (see Fig. 3). This can also be calculated by the union of  E>  ∪  G′; where E> and G′ 227 
denote the non-compliant epochs of X and Y, respectively. The identified compliant domains will then be 228 
further analysed by the regret indices relative to the strategies (in terms of reliability, resilience and/or 229 
sustainability regret). 230 
 231 
Fig. 3 around here 232 
 233 
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One of the main benefits of the AP approach is that it takes a step further in operationalizing multi-234 
objective/criteria planning, which would be crucial in the future as adaptation thresholds change overtime 235 
and require improved performance; for example, planning for multi-functionality to incorporate ecosystem 236 
services (Hansen and Pauleit, 2014). The method can also help to balance between addressing current 237 
pressing issues in the IUWWS and increasing the capacity to adapt to future needs and challenges that may 238 
emerge in the long term. 239 
3 Case Study Overview 240 
The integrated urban wastewater system (IUWWS) has been used as a case study to test the previously 241 
described approach. This hypothetical IUWWS consists of three subsystems (Casal-Campos et al., 2015; Fu 242 
et al., 2008): (1) an urban watershed with a combined sewer system: this consists of 15 urban sub-watersheds 243 
with a total area of 758.9 ha and a population of 181,000 inhabitants; (2) a wastewater treatment plant 244 
(WWTP) with a conventional activated sludge process (CASP) and average dry-weather flow (DWF) of 245 
377.1 l/s; and (3) an urban river with the mean flow rate (MFR) of 129,600 m3/d. The catchment is modelled 246 
using SIMBA 6.0 (Ifak, 2007), a simulation tool that allows users to create and develop specific modelling 247 
modules tailored to the requirements of their project. Further details on the IUWWS and the simulation tool 248 
can be found in the SI, in the S1 Section of Casal-Campos et al. (2015), and in the S1 Section of Casal-249 
Campos et al. (2018).    250 
3.1 Future scenarios 251 
The uncertain nature of threats affecting the performance of the IUWWS in the future requires exploration of 252 
internal and external driving forces that may cause significant physical or social changes. The equiprobable 253 
socio-economic scenarios considered in this study are characterized by two main drivers, namely: 254 
governance (economic growth vs environmental awareness) and values (consumerism vs. conservationism) 255 
(Casal-Campos et al., 2018). Based on these drivers, four future scenarios are considered to assess the 256 
reliability, resilience and sustainability of the IUWWS in the planning timeline between 2015 and 2050 257 
under various conditions: (1) Markets, (2) Innovation, (3) Austerity, and (4) Lifestyles. The general 258 
description of each future scenario is illustrated in Table 1. 259 
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Each of the above future scenarios is characterized by four key scenario factors associated with the 260 
management of the IUWWS, namely: regulation (i.e. level of regulatory control of stormwater and 261 
wastewater management activities); centralized maintenance (i.e. the level of activity in each scenario aimed 262 
at preserving and caring the existing wastewater infrastructure); public attitudes (i.e. public willingness 263 
towards the decentralization of responsibilities concerning urban drainage); and technology (i.e. the level of 264 
technological development occurring under each scenario) (Casal-Campos et al., 2015). The future scenarios 265 
differ from one another with respect to nine parameters (variables), indicative of various IUWWS uncertain 266 
conditions: (1) Misconnections (L/s); (2) Urban creep (ha); (3) Water use (L/head/day); (4) Infiltration (L/s); 267 
(5) Siltation; (6) Population (inhabitants): (7) Precipitation uplift (%); (8) Impervious area in new 268 
developments (ha); and (9) Acceptability preference. The selected parameters address main issues relevant to 269 
the management of stormwater and wastewater in the context of UK sewer systems which have been 270 
investigated in the past and can therefore be assigned with reasonable estimates in the year 2050 (Casal-271 
Campos et al., 2018). The description of each parameter and their values in different scenarios are provided 272 
in the SI, Section S2. Further details about the narratives of the future scenarios, modeling of scenario 273 
parameters, definitions of uncertainties future scenarios and literature estimates of uncertain future 274 
threats/parameters can be found in Section 2.2 and in the SI Section S2 of Casal-Campos et al. (2015) and in 275 
the SI Section S2 of  Casal-Campos et al. (2018). The allocation of specific estimates from the literature to 276 
each scenario was carried out through the following three steps: 1) Associating internal threats with key 277 
scenario factors; 2) Estimating the relative strength of threats under each scenario; 3) Allocating threat 278 
estimates to each scenario. 279 
For simplicity, it is assumed that all scenario parameters vary linearly along the 2015-2050 timeline until 280 
they reach the levels defined for the year 2050. The implementation of each strategy along the timeline is 281 
also assumed to occur in a linear fashion, so that each 5-year epoch represents the lead-time required to 282 
implement the proportional fraction of each strategy to achieve completion in 2050. 283 
 284 
Table 1 around here 285 
 286 
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3.2 Adaptation strategies 287 
Various adaptation strategies are considered to investigate their effects on two types of urban areas in the 288 
catchment: 1) the existing baseline area: the original urban area, presented in Casal-Campos et al. (2015) and 289 
2) the new development area (occurring as a consequence of urbanization due to population growth in the 290 
catchment under future scenarios. In this context, strategies only implemented in the baseline area are 291 
defined as “retrofit” strategies (Casal-Campos et al., 2018), as opposed to those strategies which are 292 
implemented in new developments, or those that serve both area types (e.g. rehabilitation of the combined 293 
sewer network). To this end, adaptation strategies are divided into the following two categories: stand-alone 294 
(Section 3.2.1) and hybrid strategies ( Section 3.2.2). 295 
3.2.1 Stand-alone strategies 296 
Stand-alone strategies can be categorized into three groups: 297 
a. Green strategies: (1) Source Control of Pavements (SCP): stores and infiltrate half of road runoff 298 
through retrofit bio-retention planters; (2) Source Control of Roofs (SCR) strategy: disconnects roof 299 
downspouts into retrofitted rain gardens; and (3) Source Control of urban Creep (SCC) strategy: 300 
mitigates the effects of urban creep (the term “urban creep” is used in the UK to describe the gradual 301 
loss of permeable area to impermeable area in the urban environment (Casal-Campos et al., 2015) by 302 
using permeable pavement in residential driveways). 303 
b. Grey strategies: (1) Separation of combined Sewers (SS): Separates the existing combined sewer 304 
system by retrofitting storm sewers; (2) Rehabilitation of Combined Sewer infrastructure with a new 305 
storage Tank (CST): Rehabilitates the existing combined sewer pipes without a new storage tank; (3) 306 
Rehabilitation of Combined Sewer infrastructure (CS): Rehabilitates the existing combined sewer 307 
pipes but does not include a new storage tank; and (4) On-site Treatment (OT) is considered for 308 
wastewater treatment and disposal of half of new developments.  309 
c. “Do-Nothing” (D-N) is considered to estimate the impacts of future scenario conditions without any 310 
interventions and is regarded as a base case for comparison.  311 
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3.2.2 Hybrid strategies 312 
In this study, four hybrid strategies are considered, each developed as a combination of two original stand-313 
alone strategies out of the four: (1) roof disconnection (SCR), (2) sewer separation (SS), (3) on-site 314 
wastewater treatment (OT), and (4) rehabilitation of combined sewers in the network (CS). Table 2 shows 315 
the hybrid solutions by integration of stand-alone fractions. The first three stand-alone strategies (SCR, SS, 316 
and OT) are selected as representative for retrofit decentralized, retrofit centralized and new development 317 
solutions, respectively (Casal-Campos et al., 2018). The SCR strategy is used as the reference to define 318 
hybrid options, mainly due to the results reported in the literature that SCR strategy shows the most 319 
promising stand-alone performance (Casal-Campos et al., 2015). For each hybrid solution, two stand-alone 320 
strategies were combined so that the resulting solution removes an annual volume of stormwater and 321 
wastewater equivalent to that of runoff removed by SCR from the system. The only hybrid strategy that does 322 
not consist of SCR is H3 representing 20% sewer separation in the existing catchment (SS) and 31.5% of 323 
new developments (OT). The assumptions made in Table 2 are in accordance with common practice in the 324 
UK and based on what has been proposed in Casal-Campos et al. (2018 and 2015). The main design 325 
considerations for hybrid strategies are presented in the SI, Section S4. 326 
 327 
Table 2 around here 328 
 329 
3.3 Reliability, resilience and sustainability indicators  330 
The level of reliability, resilience and sustainability of each adaptation strategy is assessed by the regret-331 
based model (described in Section  2.2) using objectives and indicators presented in Table S3, in the SI. 332 
These are the key objectives (or criteria) considered by the UK water industry to make strategic decisions for 333 
improving urban wastewater infrastructure and the levels of service. These objectives characterise the 334 
concepts of reliability, resilience and sustainability through impacts and consequences occurring as a result 335 
of system failure. The operational side of failure (i.e. reliability and resilience) was therefore represented by 336 
impacts (for example, flooding probability, duration or magnitude) affecting these performance objectives, 337 
whereas the strategic side (i.e. sustainability) was covered by the wider consequences of failure to society, 338 
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the environment and the economy (for example, material or environmental damage). It is noteworthy that 339 
weights (shown in Table 3Table 3 around here) are assigned to each objective by scenario, so that these 340 
reflect the relevance of each objective under a specific world view. The importance of the objective is 341 
irrespective of the metric that it is used in each case, whether resilience, reliability or sustainability. As a 342 
consequence, the numerator of the weight (relative importance) within each scenario for each objective 343 
remains the same for reliability/resilience/sustainability; the only difference is the amount of objectives taken 344 
into account in each case (five for reliability and resilience, and eight for sustainability).   345 
As mentioned in Section  2.2, there are weights associated with objectives/indicators (Table 3), which are 346 
calculated using the method of “swing weighting”.  The swing weighting approach allows decision makers to 347 
assess weights by “swinging” the value measure from its worst to its best level (Parnell and Trainor, 2009). 348 
The swing weighting approach allows allocation of the relative preference of criteria as well as incorporating 349 
an evaluation of their importance in the context of the decision (DCLG, 2009; Zheng and Lienert, 2017). The 350 
weights were selected by a panel of six experts in the field of urban water and wastewater management from 351 
both academia and regulatory authorities in the UK. The weight assignment task was performed by this panel 352 
based on the defined future conditions and uncertainties described for each future scenario in the UK. Each 353 
panel member individually assigned weights to different indicators based on their expertise, opinions and 354 
preferences. The weight of each objective was next determined as the arithmetic mean of the weights 355 
assigned by all experts for that particular objective. The result was then discussed within the panel, and all 356 
panel members agreed to proceed with the calculated mean weights without applying any changes. 357 
 358 
Table 3 around here 359 
3.4 Adaptation thresholds 360 
Adaptation thresholds are defined as a representation of organizational, regulatory or personal views. 361 
Potentially, any objective (or combination of objectives) could be used to set an adaptation threshold 362 
(Haasnoot et al., 2013), for example, an economic threshold that reflects the willingness to pay for avoided 363 
impacts, or environmental thresholds that represent the acceptable level of environmental damage (Poff et 364 
al., 2016). In this study, the following objectives are used (individually and conjunctively) to set adaptation 365 
thresholds in the future scenarios: 1) sewer flooding, 2) river flooding and 3) Combined Sewer Overflow 366 
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(CSOs).  Reliability thresholds are defined as percentage of time free of failure, whereas, resilience 367 
thresholds are presented as duration-weighted magnitudes of failure. Sustainability thresholds are shown as 368 
magnitude of failure associated with economic damage due to flooding and aesthetic/health effects of CSOs. 369 
The values in Table 4 are based on the baseline performance of the IUWWS in the year 2015, as described in 370 
Casal-Campos et al. (2015). Each adaptation objective refers to its threshold in terms of the reliability, 371 
resilience and sustainability indicators discussed in Section  3.3. These are considered the main objectives in 372 
the context of urban drainage planning in the UK (Shaffer et al., 2010; Stovin et al., 2013), although it is 373 
noteworthy that adaptation thresholds could change over time (Carpenter et al., 2006).  374 
The adaptation thresholds assume that the performance of the IUWWS in 2015 (the baseline performance) is 375 
an acceptable level of performance for the future. In reality, adaptation thresholds should be set according to 376 
changing circumstances (e.g. ecological, economic or social) and management shifts as new information and 377 
views become available (Carpenter et al., 2006). For simplicity in presenting the method, the adaptation 378 
thresholds have been maintained constant across future scenarios from 2015 to 2050.  379 
 Table 4 around here 380 
 381 
4 Results and Discussion 382 
The performance domains for each strategy were first identified for reliability, resilience and sustainability 383 
individually, using single and multiple adaptation thresholds. The domains were then overlapped to 384 
recognise the multiple domain of reliable, resilient and sustainable performance for the adaptation thresholds 385 
(individually and mutually). Table 5 categorises the results based on adaptation thresholds against reliability, 386 
resilience and sustainability. The table also signposts all the result figures (whether they are presented in the 387 
paper or in the SI). Here, an example of the results on individual domain using a single adaptation threshold 388 
is presented (see Section  4.1), then the results on the multiple domains of transient scenarios will be 389 
discussed (see Sections  4.2 and  4.3).  390 
Table 5 around here 391 
 392 
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4.1 Individual domains for single adaptation threshold 393 
In this section, the resilience domains for sewer flooding (Fig. 4) and for CSOs (Fig. 5) are presented and 394 
discussed (as examples of the results on the individual domains for single thresholds). The results for the 395 
other domains are illustrated in the SI (see Table 5 for the caption number of each figure). The compliant 396 
domain of each strategy in the AP approach is shown as a two-dimensional space illustrating: 1) the time 397 
periods when a strategy is expected to fulfil a (a set of) adaptation threshold(s) before it requires further 398 
adaptation; and 2) the color-coded regret indices (see Fig. 4 and Fig. 5) of that strategy for each scenario and 399 
epoch (5-year tiles).  400 
As shown in Fig. 4, the H4 strategy (the combination of rain gardens for roofs (SCR) and sewer 401 
rehabilitation (CS)) illustrated greener shades compared to the other alternatives; this means that this strategy 402 
has the largest satisfactory resilience domain concerning sewer flooding. Improved sewer capacity and a new 403 
storage tank (CST) and CS also show an ample domain of satisfactory performance; however, the resilience 404 
indices obtained across objectives are more regretful (i.e. lighter green and yellow shades) than those of H4 405 
(i.e. green shades). It can also be seen that CS is less resilient (i.e. more regretful in the domain of resilience) 406 
than CST, as the tiles presenting the CS strategy are yellower throughout the domain.    407 
 408 
Fig. 4 around here 409 
 410 
Both rain gardens for roofs (SCR) and sewer separation (SS) lead to less compliant domains: for SCR’s 411 
compliance is interrupted in two scenarios (Markets and Austerity), but still showing less regretful 412 
performance. Although SS’s compliance is interrupted in the Austerity scenario, it generally presents high 413 
regrets throughout (i.e. yellow shades). From the results shown in Fig. 4, different decision makers can select 414 
different adaptation pathways, pertaining to their beliefs and views (Haasnoot et al., 2013). For example, an 415 
environmentalist or a drainage engineer might construct a pathway of strategies that would have the lowest 416 
impacts on sewer flooding. In such a case, sewer rehabilitation (CS) may be initially implemented to ensure 417 
compliance with the adaptation threshold (sewer flooding), however its regret indices are relatively high. 418 
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Consequently, if necessary (based on the future conditions), it would be possible to switch to the lower-419 
regret CST strategy (CS plus a new storage tank) to accommodate for new future conditions. 420 
 421 
Fig. 5 illustrates the resilience domains for the adaptation threshold of CSOs. Again H4, CST and SS 422 
outperform the other strategies across scenarios and epochs. CS, however, does not perform well for the 423 
CSOs adaptation threshold when compared to the sewer flooding threshold. There are many non-compliant 424 
epochs (i.e. interrupted pathways) under three scenarios (namely, Markets, Austerity and Innovation). 425 
Comparing Fig. 4 and Fig. 5, it can be seen that sewer flooding is more restrictive (as a threshold) because it 426 
causes more interruption in the pathways of transient scenarios and consequently, the reduction of the 427 
compliant domains across strategies. The most restrictive threshold in this study is found to be river flooding 428 
(see Fig. S4, in the SI), where only two strategies have potential to achieve compliance for the Lifestyles, 429 
Innovations and Austerity scenarios: 1) the stand-alone implementation of rain gardens for roofs (SCR), for 430 
the Lifestyles scenario, and 2) its combination with sewer rehabilitation (H4). The results concerning sewer 431 
flooding (Fig. 4) show three strategies (D-N, SCC, and OT) without any compliant epochs (i.e. all in grey 432 
colour), whereas five strategies (D-N, SCC, OT, SS, CS and H3) did not show compliant domains for any 433 
transient scenario regarding the river flooding threshold (see Fig. S4, in the SI). Conversely, the results 434 
concerning resilience domains for the CSOs adaptation threshold illustrate that all strategies presented 435 
compliant domains for at least in three epochs (Fig. 5).     436 
 437 
Fig. 5 around here 438 
 439 
4.2 Multiple domains of transient scenarios for two adaptation thresholds  440 
The compliant domains are jointly analysed to identify those resulting in mutually (conjunctively) 441 
satisfactory reliability, resilience and sustainability for each set of adaptation thresholds. As explained in 442 
section 4.1, river flooding is found to be the most restrictive threshold. Therefore, in this section, 443 
performance domains for resilience and sustainability are aggregated for sewer flooding and CSO objectives 444 
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(See Fig. 6). The results for the multiple domain of reliability, resilience and sustainability are shown in Fig. 445 
7. Other domain combinations are presented in the SI, Section S6.  446 
The coloured shades (see Fig. 6) representing performance regret for multiple objectives are determined as 447 
the average of resilience and sustainability indices for each epoch within each scenario. H4 outperforms the 448 
other strategies in all the four scenarios. SCR, SS, and H2 also have un-interrupted pathways in the 449 
Innovation and Lifestyles scenarios. SCR is less regrettable than the SS and H2, as it has greener shades 450 
compared to the other two.        451 
The most noticeable difference in the results shown in Fig. 6 and Fig. 7 is that the satisfactory domain for the 452 
most compliant strategies (SCR, SS, H2, H4 and CST) regarding resilience and sustainability thresholds(Fig. 453 
6) is superior to the satisfactory domain regarding reliability, resilience and sustainability thresholds (Fig. 7).   454 
Most strategies are affected by a deterioration of their regret indices when the reliability adaptation threshold 455 
is removed from the assessment (Fig. 6 and the SI, Sections 5 and 6). This effect is more obvious for grey 456 
infrastructure strategies (SS, CST and CS) as these alternatives are generally favoured by reliability 457 
assessments due to their focus on failure frequency and omission of failure magnitude and duration. The 458 
details on the domain (multiple) compliance and regret indices are presented in the SI (Sections S6 and S7, 459 
respectively).   460 
Fig. 6 around here 461 
 462 
Given the domains presented in Fig. 6 and Fig. 7, several strategies could be combined to comply with 463 
adaptation thresholds while allowing for flexibility and delaying decisions until future conditions are more 464 
certain (formation and selection of different pathways). For example, the H4 strategy (rain gardens and sewer 465 
expansion) could be implemented for the first two epochs (until 2025) to ensure compliance and, if future 466 
conditions are similar to those in the Innovation and Lifestyles scenarios, then continue with SCR alone (i.e. 467 
stopping the expansion of sewers and requiring less investment effort). Alternatively, sewer separation (SS) 468 
could initially be implemented (with additional measures to comply within Austerity) and then responsible 469 
parties could wait for future conditions to unfold in order to shift to the lower-regret H2 strategy (i.e. slow 470 
down the implementation of separate sewers and intensify that of rain gardens for roofs in half of residential 471 
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areas). The compatibility of strategies could be improved by increasing lead times and implementation rates 472 
as required by the adaptation thresholds. More strategies and adaptation thresholds can be incorporated as 473 
information becomes available and conditions change. Such a process would improve the potential 474 
consideration of combined strategies and the flexibility of investment in the decision making process. 475 
 476 
Fig. 7 around here 477 
 478 
4.3 Multiple domains of transient scenarios for three adaptation thresholds  479 
The addition of river flooding adaptation thresholds for reliability, resilience and sustainability to the 480 
assessment (Fig. 8) shows that this adaptation threshold has a limiting effect in the compliant domain for all 481 
the strategies. In particular, those involving grey infrastructure interventions have a detrimental effect in 482 
increasing risk of flooding in downstream sections of the river. This can also be seen in the results of both 483 
individual and multiple domains for the single adaptation threshold of river flooding (Fig. S3, Fig. S6, Fig. 484 
S9, and Fig. S12, in the SI).  485 
Fig. 8 around here 486 
 487 
Fig. 8 illustrates that SCR and H4 strategies are again the most viable options for compliance along the 488 
scenarios, although with very limited compliance if future conditions move away from the most lenient 489 
conditions for these alternatives (i.e. Lifestyles). The consideration of resilience and sustainability alone for 490 
the three adaptation thresholds (see Fig. S30, in the SI) ensures the compliance of these strategies along the 491 
Lifestyles scenario; however, any of the remaining scenarios is continuously disrupted, failing to comply 492 
after 2025 (similar to the results shown in Fig. 8).  493 
The reliable-resilient-sustainable and resilient-sustainable regret indices shown in Fig. 8 and Fig. S30 494 
respectively suggest that SCR and H4 could provide additional benefits (associated with a larger set of 495 
objectives) to the IUWWS given the low regret of their sustainability indices. These additional benefits are 496 
particularly important in the sustainability assessment as a larger number of objectives and trade-offs are 497 
involved. Given these integrated assessments of performance, the implementation of rain gardens (SCR) for 498 
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roof runoff infiltration and its combinations with other alternatives (e.g. sewer rehabilitation in H4 or 499 
separate sewers in H2) are the most promising options in order to comply with adaptation thresholds while 500 
providing lower regrets along the timeline. This performance is substantially improved compared to that of 501 
stand-alone grey infrastructure strategies, which could potentially provide an acceptable level of compliance 502 
regarding water quantity objectives at the cost of increased regrets associated with additional objectives 503 
along the timeline, reducing the adaptability of the IUWWS to changing adaptation thresholds and increasing 504 
the likelihood of lock-in (or maladaptation) within the scenarios. 505 
 506 
4.4 Adaptation pathways and robustness 507 
The attribute of robustness, as defined in (Casal-Campos et al., 2018) (i.e. low regrets across scenarios), is 508 
not a definitive characteristic to ensure compliance with adaptation thresholds for reliability, resilience and 509 
sustainability along the planning timeline. However, robustness may facilitate adaptation as thresholds shift 510 
and additional or alternative objectives are introduced to redefine our views on reliability, resilience and 511 
sustainability in the future. In this sense, there is a tension between adapting to short term issues in the 512 
IUWWS (e.g. flooding, CSOs) and avoiding maladaptation when increasing the capacity to adapt to future 513 
needs and challenges that may emerge in the long term. For example, in Fig. 7, CST is compliant with the 514 
conditions up until the year 2025 (for three future scenarios), but for the epochs after that, other strategies 515 
(SS, H2, or H4) should be considered.    516 
The compliant domains described in this study extend the concept of robustness by: (i) considering the 517 
performance of each strategy relative to the others (i.e. regret) across scenario epochs; (ii) introducing the 518 
dynamic assessment of robustness along transient scenarios (robustness understood as the capacity to 519 
maintain low regrets as scenario conditions develop); and (iii) identifying the ability of a strategy to satisfy a 520 
set of adaptation thresholds along time and across scenarios (i.e. to maximise the compliant domain 521 
regardless of future conditions or even as adaptation thresholds change). In this sense, this study contributes 522 
to a growing body of knowledge concerned with the robustness of urban drainage options in the face of 523 
future uncertainty (both short and long terms) and sheds light into the existing relationships between the 524 
qualities of reliability, resilience and sustainability in the IUWWS. 525 
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 526 
5 Conclusions 527 
This paper presented a novel adaptation pathways approach for the dynamic assessment of green, grey and 528 
hybrid strategies for urban wastewater management in a long term. The approach first identifies the 529 
compliance of the strategies with three adaptation thresholds (i.e. regarding sewer flooding, river flooding 530 
and CSO spills) across four future scenarios, and then establishes the compliant domain for each strategy. 531 
The adaptability potential is measured using regret indices for reliability, resilience and sustainability, which 532 
are calculated by the weighted aggregation of regrets for various performance indicators from water quantity, 533 
water quality, and other social, economic and environmental aspects. The key findings of this study are 534 
summarised below: 535 
• This new approach is able to identify adaption pathways under deep uncertainties, allowing for more 536 
flexibility and avoiding long-term commitment to strategies that may cause maladaptation. Delayed 537 
or staged investments can also be incorporated into such pathways to maximize their compliance and 538 
adaptability.  539 
• Green strategies outperform grey strategies in balancing near-term and long-term needs for 540 
reliability, resilience and sustainability, as they are able to comply with adaptation thresholds while 541 
keeping low regrets across the compliant domains. Grey strategies are compliant with the considered 542 
thresholds but cast doubts regarding their adaptability to changing circumstances. 543 
• Regardless of the context, the proposed hybrid strategies are shown more feasible and achievable 544 
compared to the stand-alone individual strategies. This is due to the fact that the robustness of grey 545 
strategies regarding reliability, resilience and sustainability is enhanced using green strategies with 546 
low regret values.  547 
• One key strength of the proposed adaptation pathways approach is its scalability, in other words, it 548 
can easily be applied to other contexts or case studies in the water sector. Although the current and 549 
future conditions can vary in different parts of the world, the proposed approach could be applicable 550 
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to any regions and catchments considering varying values of parameters, objectives and indicator 551 
weights. 552 
• The present study has focused on dynamic adaptation strategies considering a fixed set of 553 
performance thresholds. Future research would benefit from including uncertainties associated with 554 
the concept of compliance and the possibility of adaptation thresholds changing in the future, i.e. 555 
changing perceptions and values that influence these thresholds.  556 
 557 
Appendix A.  558 
Supporting Information (SI): Adaptation pathways terminology; parameters used to 559 
distinguish different future scenarios from each other; results on reliability, resilience and/or 560 
sustainability domains for single adaptation threshold; results on reliability, resilience and/or 561 
sustainability domains for multiple adaptation thresholds; detailed results on adaptation 562 
compliancy of the strategies; detailed results on the assessment of strategies by the regret 563 
indices.  564 
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Table 1: General description of future scenarios considered in this study and key driving factors in the 
management of the IUWWS (after Casal-Campos et al. (2015)) 
Future 
scenarios Market Innovation Austerity Lifestyles 
Characteristics 
of society 
Low value on 
resources  
Reliance on 
technology High value on 
resources due to 
economic decline  
High value on 
resources 
Lenient regulations 
to maintain 
unrestricted 
economic growth 
Innovative and 
centralized 
efficiency to 
address stringent 
policy issues whilst 
enjoying 
prosperous life 
Individual lifestyles 
are key means to 
address strict 
regulations and 
support sustainable 
development 
Weak regulations 
and lack of 
investment in 
public 
infrastructure Highly consumerist 
society 
Characteristics 
of IUWWS 
Low regulations High regulations Low regulations High regulations 
Medium 
maintenance High maintenance Low maintenance 
Med-low 
maintenance 
Low public attitude Low public attitude Medium public 
attitudes  High public attitude  
Medium technology High technology Low technology Low technology 
 
 
Table 2: Hybrid strategies and their fractions across the case study catchment (adapted from Casal-Campos et al. 
(2018))  
Strategy SCR SS OT CS Area type or system 
served 
Impervious area served 
as % of catchment Strategy type 
Hybrid1 
(H1) 0.50 - 0.315 - 
50% of residential roofs 
and 31.5% of new 
developments 
22 Decentralized 
Hybrid2 
(H2) 0.50 0.20 - - 
50% of residential roofs 
and 20% separation in 
the existing catchment 
22 + 20 Decentralized/ Centralized 
Hybrid3 
(H3) - 0.20 0.315 - 
20% separation in the 
existing catchment and 
31.5% of new 
developments 
20 Centralized/ Decentralized 
Hybrid4 
(H4) 1 - - 1 
All residential roofs and 
combined sewer system 
improvement 
44 + 56 Decentralized/ Centralized 
SCR: Roof Disconnection;    SS: Sewer Separation;   
OT: On-Site Wastewater Treatment;   CS: Rehabilitation Of Combined Sewers In The Network; 
 
 
Table 3: Adaptation objectives and their assigned weights (normalized) in different future scenarios (first row refers to 
reliability and resilience weights 

, 
; second row denotes sustainability weights 

 ). In bold, the preference value 
of objectives within each scenario (1: low; 2: medium; 3: high; 4: very high).  


= 

 Objectives 



 
Sewer 
Flowing 
River 
Flooding 
River 
DO 
River 
AMM  CSOs 
GHG 
Emissions Costs Acceptability Total  
Market 
2/7 2/7 1/7 1/7 1/7 - - - 7/7 
2/13  2/13 1/13 1/13 1/13 1/13 4/13 1/13 13/13 
Innovation 3/12 3/12 2/12 2/12 2/12 - - - 12/12 3/18 3/18 2/18 2/18 2/18 2/18 2/18 2/18 18/18 
Austerity 2/8 2/8 1/8 1/8 2/8 - - - 8/8 2/15 2/15 1/15 1/15 2/15 1/15 4/15 2/15 15/15 
Lifestyles 
1/11 1/11 3/11 3/11 3/11 - - - 11/11 
1/18 1/18 3/18 3/18 3/18 3/18 1/18 3/18 18/18 
 
Table 4: Adaptation thresholds considered in this study for reliability, resilience and sustainability. 
 Sewer Flooding CSOs River Flooding 
Reliability 95.68 [%] 95.61 [%] 99.63 [%] 
Resilience 5.4 [m3] 1565.4 [m3] 185.3 [m3] 
Sustainability 663.3 [m3] 1,343,674.0 [m3] 98,002.4 [m3] 
 
 
Table 5: List and caption numbers of the results (figures) presented in this study categorized by the adaptation domains 
and adaptation objectives; the figures highlighted in bold are presented in the main text; the rest are shown in the SI. 
  
Individual thresholds Multiple thresholds 
Sewer 
flooding CSOs 
River 
flooding 
Sewer flooding 
+ CSOs 
Sewer flooding + 
CSOs + river 
flooding 
Individual 
domain 
REL Fig. S1 Fig. S2 Fig. S3 Fig. S20 Fig. S21 
RES Fig. 4 Fig. 5 Fig. S4 Fig. S22 Fig. S23 
SUS Fig. S5 Fig. S6 Fig. S7 Fig. S24 Fig. S25 
Multiple 
domain 
REL-RES Fig. S8 Fig. S9 Fig. S10 Fig. S26 Fig. S27 
REL-SUS Fig. S11 Fig. S12 Fig. S13 Fig. S28 Fig. S29 
RES-SUS Fig. S14 Fig. S15 Fig. S16 Fig. 6 Fig. S30 
REL-RES-SUS Fig. S17 Fig. S18 Fig. S19 Fig. 7 Fig. 8 
 
 
Domains 
 Threshold 
(Objective) 
 Fig. 1: The adaptation pathways methodology 
 
 Fig. 2: An example representation of adaptation pathways for a generic strategy. The compliant domain 
(coloured) and non-compliant domain (grey) of transient scenarios are shown relative to adaptation 
threshold(s). Coloured shades refer to regret expressed by reliability, resilience or sustainability indices for 
each transient scenario. 
 
  
 
 
 
 
 
 
 
Fig. 3: An example of how to identify multiple domains for a specific threshold using the mathematical 
intersection   
 
Reliability domain for the sewer 
flooding threshold (Strategy A) 
Resilience domain for the sewer 
flooding threshold (Strategy A) 
Reliability-Resilience domain for the 
sewer flooding threshold (Strategy A)  
  
Fig. 4: Resilient domains for sewer flooding adaptation threshold. The compliant domain (coloured tiles) is described 
by scenario indices for each epoch, ranging from low (green) to high regret (red). Non-compliant and full-regret epochs 
are shown in grey. 
 
  
Fig. 5: Resilient domains for CSO adaptation thresholds. The compliant domain (coloured tiles) is described by 
scenario indices for each epoch, ranging from low (green) to high regret (red). Non-compliant and full-regret epochs are 
shown in grey. 
 
  
Fig. 6: Resilient and sustainable domains for sewer flooding and CSO adaptation thresholds. The compliant domain 
(coloured tiles) is described by mean scenario indices for each epoch, ranging from low (green) to high regret (red). 
Non-compliant and full-regret epochs are shown in grey. 
 
  
Fig. 7: Reliable, resilient and sustainable domains for sewer flooding and CSO adaptation thresholds. The compliant 
domain (coloured tiles) is described by mean scenario indices for each epoch, ranging from low (green) to high regret 
(red). Non-compliant and full-regret epochs are shown in grey. 
 
  
Fig. 8: Reliable, resilient and sustainable domains for sewer flooding, CSO and river flooding adaptation thresholds. 
The compliant domain (coloured tiles) is described by mean scenario indices for each epoch, ranging from low (green) 
to high regret (red). Non-compliant and full-regret epochs are shown in grey. 
 
Highlights 
• Adaptation pathways approach developed for dynamic assessment of wastewater systems 
• Adaptability potential for reliability, resilience and sustainability explored 
• Hybrid strategies effectively deliver short-term compliance and long-term needs 
• Trade-off between adapting to short-term burdens and addressing long-term needs shown 
• The proposed approach can easily be replicated for other contexts in the water sector 
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